Investigation of the delayed fracture characteristics was made with high strength bolts tightened on the fixture plate and exposed to rural and coastal industrial zones, fresh water, and seawater respectively for about nine years. At the same time, bolt materials subjected to the same heat treatment as the exposed bolts were submitted to four types of accelerated testing in laboratory. Both bolts and bolt materials are composed of seventeen grades of low alloy steels having tensile strengths ranging from 80 to 140 kgf/mm2.
I. Introduction
With recent construction of massive structures, requirements for higher strength of structural steels to be used for such structures have become increasingly severer. In 1964, therefore, four classes of high strength bolts for friction grip joints with ultimate tensile strengths higher than 70 kgf /mm2 (F7T), 90 kgf/mm2 (F9T), 110 kgf/mm2 (Fl 1 T) and 130 kgf/ mm2 (F 13T) were standardized in Japanese Industrial Standards.
In all of several bridges constructed using F 13T class bolts during the period from 1964 to 1966, delayed fracture occurred in some of these bolts. In June 1966, therefore, the Society of Steel Construction of Japan started research activities to clarify the details of the cause of delayed fracture (stress corrosion cracking) in natural environments with a view to determining the limit of strength of high-strength bolts.
After literature survey on delayed fracture,"2~ the Society undertook a series of joint research. In such joint research, 17 grades of steels with tensile strengths ranging from 80 to 140 kgf/mm2 were selected as common specimens for testing and they were classified into F8T, F l OT, F 11 T, F 12T and F 13T according to their tensile strength. For delayed fracture testing, four types of accelerated laboratory tests were conducted using the specimens subjected to the same heat treatment as the bolts in practical use. At the same time, test plates with tightened bolts were exposed to the rural and industrial coastal atmospheres, fresh water, and seawater for about 9 years respectively. During this period, the effects of Zn plating, Cd plating and Zn-base phosphate coating on delayed fracture were also investigated.
The main purposes of the joint research were as follows : 1) Determination of the upper strength level to be allowable for high strength bolts, 2) Comparison of various high-strength bolt mate- It was expected that the results of this study would be reflected to the Japanese Industrial Standards for high strength bolts and make a contribution to the establishment of standard accelerated test methods with which the performance of the bolt materials can be evaluated.
At the end of 1969, the results of accelerated laboratory tests and of the exposure tests by that time were reported in Japanese.2) Since a general tendency of the fracture was made clear after the continuing exposure tests for more than 8 years, the tests were terminated at the end of 1976. The total duration of exposure was 8 years and 8 months.
No other example of large-scale tests for such long duration has been reported. As the bolts exposed for such a long duration were invaluable materials to be examined, extensive studies were undertaken after the exposure tests.
This paper summarizes the results of the long-term exposure tests and accelerated laboratory tests in a comprehensive manner. 
II. Materials
The chemical composition of materials tested are given in Table 1. Using these 17 grades of steels,  M22 X 90 mm bolts (W7/8 for Nos. 15 and 16 bolts)  with tensile strengths of 80, 100, 110, 120 and 130  kgf/mm2 (hereinafter referred to as F8T, F 1 OT, Fl 1 T,  F 12T, and F 13T) were manufactured under the conditions given in Table 2 . The tensile properties of these bolts are shown in Table 3. Using the specimens machined  from 22 diameter  bolt materials  heattreated  under the same conditions  as the manufacture  of bolts, accelerated  laboratory  tests of delayed  frac- ture were conducted. The tensile properties of these specimens are shown in Table 4 . Table 5 .
Exposure Tests of Tightened Bolts
As shown in Fig, 1 , the bolts made of various grades of steels as described previously were tightened to the steel plates (SM50) provided with a groove which facilitates contact of the environment with the bolt shank. After snug tightening of the bolts with a torque of 10 kg-m by means of torque wrenches, the Table  3 . Tensile properties of bolts. 
nuts were turned by angles corresponding to the maximum loads (loading condition I) or by angles which were smaller than the above-mentioned angles but considerably exceeded the proportional limits of the bolts (loading condition II). These bolts were exposed to rural, and industrial coastal atmospheres, fresh water, and seawater. remaining bolts were removed and investigated according to the flow chart of test procedure shown in Fig. 2 .
Iv. Test Results Figure 3 shows the relation between the tensile strength of materials and the delayed fracture limit for a definite period which was obtained as a result of the test conducted by the method I as shown in Table 5 . Figure 4 shows the delayed fracture time of various steels which were tested by the method II at a stress corresponding to 90 % of their notch tensile strength. Figure 5 summarizes the results of test by the method III, while Fig. 6 shows those by the method IV. 
Accelerated Laboratory Test of Delayed Fracture
Based on the results described above, a comparison was made of the delayed fracture limits of Nos. 8, 10, 13 and 14 bolt steels in 100 h which were determined by the methods I-2, III-2, III-3 and IV-2. The results are as follows.
According to the results shown above, it may be said that delayed fracture properties of steels varies with testing methods. Figure 7 shows the effects of surface coatings on delayed fracture by the test method I-2. In the accelerated laboratory tests, cathodic protection type surface coating had a deleterious effect on delayed fracture. Table 6 shows the number of bolts which fractured during the tests. Figure 8 shows the fracture occurrence with the elapse of time. Figure 9 shows a comparison of the relations between the tensile strength of bolt materials and the failure percentage of uncoated bolts under two different loading conditions. It is apparent from Fig. 9 that bolts with strengths below 130 kgf/mm2 did not fracture at all. It will be also seen that the failure percentage increases and the critical strength above which failure occurs decreases slightly when the tightening force is larger (loading condition I). Figure 10 shows the effects of environment on the failure percentage of bolts. Figure 11 shows the effects of surface protecting treatments on the failure percentage of bolts. Unlike in accelerated laboratory tests, surface treatments did not have great effects on delayed fracture, but in some cases, decreased the failure percentage slightly. Figure 12 summarizes the fracture positions in bolts by environments. Failure at the thread run out accounts for 50 % of all fractures, suggesting that this location is most liable to fracture. Failures at headto-shank fillet intermediate full thread and thread near the bearing face of nut account for 10 to 20 %. Shank failure increased as time went on. Figure 13 shows the number of fractured bolts in the rural and industrial coastal atmospheres by months, together with the mean atmospheric temperature and precipitation in the zones where the bolts were exposed. According to Fig. 13 , most bolt fractures occurred in autumn, i.e., in September in the rural atmosphere but in October in the industrial coastal atmosphere. It is considered that the delayed fracture initiated in the season of high temperature and humidity, i.e., in July and August, developed into complete failure in September or October. A small peak of fracture occurred in January in the cold season. It is considered that the cracks which had been formed in the previous season of high temperature and humidity developed into failure as a result of the shrinkage of bolt or the decrease of fracture toughness due to low temperature rather than corrosion. In the industrial coastal atmosphere, a peak of fracture was also observed in May. The cause of this peak is not clear.
Exposure Tests of Tightened Bolts 1. Characteristics of Bolt Failures

Immature Cracks
The bolts which did not fracture during the exposure for about 9 years were removed. Of these, 1 354 bolts were examined to see if some cracks were initiated. As a result, many immature cracks of 0.1 to 0.6 mm in depth were detected in the thread, shank, and/or head-to-shank fillet of the bolts. An example of such cracks is shown in Photo. 1. Figure  14 shows the relationship between the depth of immature cracks and the tensile strength of the bolts in which cracks were detected. Except for No. 7 bolt, cracks attributable to delayed fracture initiated in the steels with a tensile strength above 125 kgf/mm2, although such cracks did not develop into failure. In No. 7 bolt immature cracks were detected in the shank area only, and no immature crack was found in Nos. 5, 6 and 9 bolts having tensile strengths higher than that of No. 7 bolt. Therefore, No. 7 bolt material is considered to have extraordinary properties as compared with other steels.
It may be considered that such cracks can grow into failure in the steels with a tensile strength above 130 kgf/mm2.
Corrosion Behavior
Denoting the outside diameter of thread under a nut, which hardly suffers corrosion, as A, and the outside diameters of threads in the exposed, and closed areas as B and C respectively, the differences between them, namely, A-B and A-C, were obtained in order to evaluate the severity of corrosion, the results of which for No. 8 steel are shown in Fig. 15 . According to these results, environments have given an influence on the corrosion in the following order. Rural atmosphere >Industrial coastal atmosphere = . Seawater > Fresh water the head-to-shank fillet (a) and Table 7 shows chemical analysis of corrosion products sampled taken from the bolt shank, while Table  8 gives X-ray diffraction analysis of such products. The formation of a-FeO.OH and 1-FeO.OH indicates that the bolts were in the wet condition. Furthermore, the presence of Fe304 suggests that the bolts were locally in the condition where pH was 3.8 to 4.0, i.e., in the state where hydrogen was penetrating into the steel. In our tests, the steel plates were grooved as shown in Fig. 1 to facilitate contact of the environment with the bolts within plates. As is apparent from Table 9 ,3) it is considered that the bolts used in actual bridge were in the similar condition as described above.
In the industrial coastal atmosphere, Zn plating had an effect of preventing corrosion in both exposed and closed areas. In seawater, however, Zn-plated bolts corroded more significantly.
Plastic Deformation of Fixture Plate
In our tests, the bolts were tightened to the steel plates SM50 (T.S. =50 kgf/mm2, hot-rolled steel plate for welded structure) up to the maximum load, and therefore the vicinity of the bolt holes was apparently deformed plastically. Figure 16 shows the stress distribution in the fixture plate to which M22 bolts were tightened at a load of 32 t. This stress distribution was obtained by the finite element method (FEM). 17. It is apparent that plastic deformation occurs in the vicinity of bolt holes when bolts above F l OT are tightened up to the maximum load.
Residual Applied Loads of Bolts
When tightened bolts are left for a long time, the applied load will decrease.
By measuring changes in the length of the bolts before and after removal, the residual applied loads of bolts immediately before removal were estimated. products by X-ray 
The initial applied loads of the bolts were deduced from the turning angles of the nuts. Of these data, the results for the bolts exposed in the industrial coastal atmosphere are shown in Table 10 . The data for all bolts are summarized in Table 11 . As is apparent from these data, the residual applied loads of the bolts range from 78 to 91 % of the initial applied loads.
These values include the decrease in initial applied loads which occurred immediately after tightening of the bolts to the fixture plates, therefore the decrease in applied load during long-term exposure is considered to be about 10 %. In our tests, the bolts were tightened until general yielding occurred, and the vicinity of the bolt holes in the fixtured plates yielded as described previously. This 10 % decrease of applied load is considered to be relatively larger than those of usual structures.
Failure of Washers
When the bolts were removed, many unexpected failures of washers were found, namely, in 649 out of 1898 washers checked. These failures are evidently caused by delayed fracture. Since the hardness of the washers used in our tests is higher than HRC42, delayed fracture may have occurred rather easily.
These failures occurred more frequently at the groove of fixture plate than in the area without groove. In fact, the washers having their hardness higher than HRC 45 have been often failed even on the plates without groove. Although it was confirmed that washer failure has no effect on the residual applied load, it is not desirable for practical use because it facilitates the infiltration of rainwater into the bolt fixtures, and as a result accelerates the initiation of delayed fracture of bolts. Figure 18(b) shows the results of accelerated laboratory tests. In all methods employed, the critical strength was around 120 to 125 kgf/mm2. As shown in Fig. 18(a) , however, the critical strength in exposure tests was about 130 kgf/mm2 when the bolts were tightened at the maximum load (loading condition I). This critical strength is higher by 5 to 10 kgff mm2 than that in accelerated laboratory tests. As the critical strength for crack initiation in the exposure 
tests shown in Fig. 14 is 125 kgf/mm2 which coincides with the laboratory results, the critical strength obtained from accelerated laboratory tests may correspond to the critical strength for crack initiation under the service conditions. Complete failure of bolts may occur when the strength exceeds the critical one for crack propagation which is slightly higher than that for crack initiation. 2. Evaluation of the Susceptibility of F13T Class Materials to Delayed Fracture As is apparent from Fig. 18 , No. 14 bolts showed slightly higher susceptibility to delayed fracture than No. 13 in the exposure tests. In the accelerated laboratory tests, however, the results were contrary, except for the results obtained by method I. No. 14 bolt steel is a material which tends to show the failure with large time delay in the exposure tests. The reason why there is a slight difference between exposure and laboratory tests may be explained as follows.
First, it is difficult to make comparison between steels when tested in strong acid solutions such as dilute hydrochloric acid which introduce hydrogen in large quantities and additional cross section decreasing effect through accelerated corrosion. The latter effect becomes more significant in the small-diameter specimens employed in the methods II and III.
Second, in the laboratory tests except for method I, the notch root at which the crack initiates is formed closer to the center of hot-rolled material section where the degree of impurities segregation is highest. In tempered martensite steel, delayed fracture cracks often propagate along the prior austenite grain boundary. The impurities segregated at the grain boundary have a great effect on reducing cohesive strength, and in addition those impurities such as sulphur have a catalytic effect on hydrogen absorption. Therefore, it is considered that the notch root area of these specimens containing larger quantities of impurities tends to exhibit higher susceptibility to delayed fracture as compared with the bolt surface.
We cannot draw a hasty conclusion on the correlation between exposure and accelerated laboratory tests from the above-mentioned results. However, it may be safe to state that the accelerated test methods except for hydrogen charging one do not produce a large difference in critical strength for delayed fracture to occur. On the other hand, as for the evaluation of the susceptibility among steels with higher tensile strength than critical one the result may differ depending on the methods employed.
Statistical Features of Bolt Failure
The Weibull distribution which is widely used for the analysis of failure is given by the following equation in which t is the life. where P (x) is the gamma function. Since the data of our tests were not always obtained under the same conditions from the statistical standpoint, and the number of samples is not large enough, calculations were made, assuming that r is equal to zero. An example of such calculations is shown in Fig. 19 . The shape parameter, m, and the mean time to failures, p, are summarized in Correlation between exposure tests and accelerated laboratory tests. 
Transactions ISIJ, Vol. 22, 1982 decreases with the lapse of time. In case of No. 13 bolts, for example, early failure occurred when the defect which meets the failure conditions was present. Now, let us assume that a crack nucleus, which is able to propagate when a certain hydrogen level is attained under a constant stress condition exists in a bolt with certain probability. This defect will cause comparatively early failure when the propagation conditions are met. When all of the bolts with such defect have failed, this type of fracture will not occur any more. When m is larger than 1, the so-called wear-out type pattern in which failure tends to occur with the lapse of time will be found. Fracture of Nos. 15 to 17 bolts belongs to this type. These bolts show a failure characteristic with large time delay before first failure to occur (r is large). However, their failure becomes more likely to occur after the lapse of a certain time. When corrosion pit has reached the hardened zone penetrating through its softened surface layer of 0.1 N0.2 mm thick, a crack may initiate at the root of pits with the aid of acidification of local solution, which generates more hydrogen, and the effect of stress concentration.
In such a mechanism, it takes considerable time until the cracking conditions are satisfied because the formation and propagation of corrosion pit are slow. Since this process is irreversible, the occurrence of fracture is considered unavoidable if enough time is given to the system. When m is equal to 1, Eq. (1) becomes exponential distribution and the failure rate becomes random type which is not dependent upon the lapse of time. The failure of No. 15 bolts tightened at 150 deg and exposed in the rural atmosphere or in the seawater belongs to this type. Generally, the hydrogen generation occurs as a part of cathodic reaction of corrosion, and is greatly affected by temperature and waterdrops. Corrosion pit grows irreversibly but hydrogen repeats entering or releasing reversibly when temperature and humidity are increased or decreased repeatedly. With materials having high K15, considerably large quantities of hydrogen and required for crack initiation. Fracture of such materials occurs only when the contingency at which hydrogen content exceeds the critical value necessary for crack initiation is combined by chance with the presence of a metallurgical weak points of random nature. A random type failure mechanism is considered to be as described above. Table 13 shows a comparison of acceleration by environments and nut turning angles, taking the mean time to failure in the rural atmosphere equal to 1. The mean time to failure in the industrial coastal atmosphere is shortened to 0.5 to 0.8, i.e., the degree of acceleration is then increased by 1.25 to 2.50 times. In the seawater, No. 14 bolt tightened at 150 deg showed a considerably high degree of acceleration in the seawater. As to No. 15 bolt and others, however, the degree of acceleration in the seawater is smaller than that in the industrial coastal atmosphere, i.e., relative time to failure being 1.1 to 1.2. Generally, the larger the nut turning angle, the higher the degree of acceleration. In the industrial coastal atmosphere, No. 15 bolt showed a complex distribution, and if comparison is made in terms of 50 % failure probability, the bolts tightened at 150 deg are also shorter in life than those tightened at 150 deg.
Considerations from the Standpoint of Fracture Mechanics
As described in IV. 2. 2, there were such bolts which did not fracture but in which immature cracks were detected. Employing the concept of fracture mechanics, study was made to determine whether these cracks were still growing or had been arrested when the tests were terminated.
For the purpose of simplicity, these bolts were treated as circumferentially cracked round bars subjected to tension. Denoting the outside diameter of thread by 2D and the root diameter of circumferential crack by 2d, the stress intensity factor KI at the crack tip is calculated by ~N = P/ rd2 (P: Applied load of bolt)
Using the Krs00 value corresponding to tensile strength of respective steels based on the relation shown in Fig. 20,5 the critical crack length, ascc, at which KIscc is reached under the residual applies load P was calculated by Eq. (4), these results are shown by the broken line in Fig. 21 . In this figure, the crack length, a, was measured from the thread root; when the original diameter at thread root is 2d1, a=d1-d.
It indicates that if the critical crack length is below zero, i.e., the crack initiated at the thread root will propagate immediately. Figure 21 shows the immature crack lengths which were measured from the shank diameter (the line of -1.35) for crack at the head-to-shank fillet or shank, but from the root diameter (the line of zero) for cracks in the thread regardless of the threads configuration. Accordingly, the immature crack length at the thread run out is somewhat overestimated.
These results indicate that cracks may grow in even No. 7 bolt in a wet neutral environment, such as water or 3.5 % NaCI aqueous solution, but do not propagate in a mild environment such as industrial atmosphere except for No. 14 and 17 of F13T class bolts.
However, the above-mentioned discussion is made on the following assumptions: (1) cracks are formed perpendicular to the direction of applied tensile stress, (2) the crack tip is sharp, and (3) cracks grow in a circumferencial manner. It is also necessary to take into consideration that K1scc varies with environments and materials as shown in Fig. 20 and does not always satisfy the relation with tensile strength as described previously.
On the other hand, the critical crack length, a~, at point of instability of crack extension was estimated using a semi-elliptical surface crack model and the K10 values of respective steels obtained from the general relation between K10 and yield point.6~ These results are shown in Fig. 22 .
The plots in Fig. 22 indicate the values of a~ which were measured by regarding the slow cracking area in the fracture surface of the bolt as a semi-ellipse. These plots agree with the solid line if a load of 36 t is applied in case of the nut turning angle being 270 deg.
The crack once initiated can be arrested in the material for the following reasons.
(1) When branching of main crack occurs as in No. 7 bolts the crack is arrested due to decrease in KI unless an additional stress is applied.
(2) Decrease in hydrogen concentration in steels by any reason; drying, temperature rise, or protective film formation results in an increase in Krscc• (3) The temporary crack arrest may blunt the crack tip due to the localized corrosion and plastic deformation resulting in a decrease in KI.
(4) Even if a crack initiates at hardened surface layer due to carburization, Krscc increases as it propagates into softer region where the crack tip becomes blunt due to local plastic deformation resulting in a decrease in K5. 
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Metallurgical Reasons for the Susceptibility to Delayed Fracture 1. Hardness Distribution in the Bolt Surfaces
In all bolts, 0.1 to 0.2 mm thick softened layer due to decarburization was observed under the surface but the hardened layer, which may induce delayed fracture, was not observed.
Chemical Composition and Steelmaking Process
As is apparent from Fig. 18 , the susceptibility of F 13T class bolts, No. 13 to 17, to delayed fracture is classified into the following three groups although their tensile strengths are nearly the same.
i) Low susceptibility ii) Medium susceptibility: iii) High susceptibility
The characteristic features groups are as follows :
(i Generally, these impurities segregate at the prior austenite grain boundary causing a decrease in grain boundary cohesion and exhibiting a catalytic effect to promote hydrogen absorption. It is possible that the decrease in impurities improves the resistance to delayed fracture.
(ii) No. 14 steel was prepared in a small ingot and contains a comparatively small quantity of impurities as described previously. Furthermore, this steel is comparatively soft with the lowest carbon content. This may be the reason why this steel is not so high in delayed fracture susceptibility.
(iii) Nos. 15 and 17 bolt steels were prepared in a medium size ingot and contain impurities, such as phosphorus and sulphur as much as conventional commercial steels. Tempering temperature at 270 °C for No. 15 bolt steels is close to the range of tempered martensite embrittlement.
It is probable that in this temperature range carbide precipitation at the prior austenite grain boundaries promotes the intergranular fracture in the presence of hydrogen. In Nos. 7 and 17 bolt steels, their hardenability is increased by adding Mn and B instead of alloying elements such as Ni, Cr and Mo. Although No. 7 steel is low in strength as described previously, many immature cracks were observed therein. The effect of boron contained in both Nos. 7 and 17 bolt steels attracted our attention. Accordingly, both steels were 
VI. Summary
The following findings were obtained as a result of exposure tests of tightened bolts conducted over 8 years and 8 months, and accelerated laboratory tests.
(1) Exposure tests were conducted to accelerate delayed fracture by turning the nuts at angles greater than those under the service conditions, and by grooving the fixture plates to facilitate the infiltration of rainwater into the bolt holes. As a result, the critical strength above which delayed fracture occurs was 130 kgf f mm2 in tensile strength when the nuts were turned at an angle corresponding to the maximum load of the bolts (loading condition I). However, the critical strength was 135 kgf/mm2 when the nuts were turned at angle which was slightly smaller than the abovementioned angle but considerably exceeded the yield point of bolts (loading condition II). Above this critical strength the failure percentage increases with increasing tensile strength. On the other hand, 0.10 to 0.95 mm deep cracks were observed in some of the bolts in which complete failure did not occur. Such cracks were observed in the bolts with tensile strengths above 125 kgf/mm2 except No. 7 bolt in which cracks initiated in spite of low strength. Since this critical strength agrees with those obtained from accelerated laboratory tests, the critical strength for crack initiation can be determined by accelerated laboratory test and the critical strength for crack propagation by exposure test of tightened bolts.
(2) The effect of nut turning angle on acceleration of delayed fracture is apparent.
Under the loading condition I, the failure percentage increases and the mean time to failure decreases as compared with those under the loading condition II.
(3) Failure in the thread run out accounts for 50 % of all fractures in bolts. Failures at the headto-shank fillet, intermediate full thread, and thread near the bearing face of nut account for 10 to 20 %.
(4) The effect of environment on delayed fracture is greatly affected by the wet and dry cyclic condition. If the statistical mean time to failures in the rural atmosphere equal to 1, the mean time to failure in the industrial coastal atmosphere is decreased to 0.5 to 0.8. In order to estimate the degree of corrosion, the heights of threads in the exposed and closed areas of No. 8 bolt were examined. The severity of corrosion in exposure environments is in the following order.
(i) Thread in the exposed area : Fresh water > Seawater = Industrial coastal atmosphere > Rural atmosphere (ii) Thread in the closed area :
Rural atmosphere>Industrial coastal atmosphere > Seawater > Fresh water A certain correlation is observed between corrosion of the thread in the closed area and failure percentage. 
In the atmospheric environments in particular, the failure percentage depends on the seasons. A high peak of failure is observed during one or two months (in September and October) after the season of high temperature and humidity in which corrosion is accelerated. A small peak is also observed in the cold season (in January). The latter may be attributed to the shrinkage of bolt or the decrease in toughness due to lower temperature rather than corrosion rate.
(5) Fracture along prior austenite grain boundaries is observed in the crack initiated area. This suggests that the occurrence of delayed fracture may be attributed to hydrogen. It was difficult to determine the hydrogen content of bolts by conventional analysis methods. Judging from the analysis of corrosion products or the observation of the type of fracture, however, it is considered that hydrogen was generated by the decrease in pH in corrosion pits previously formed.
(6) The likelihood of immature crack propagation was examined from the standpoint of fracture mechanics using a simplified model. As a result, it was made clear that cracks may grow even in No. 7 bolt in a wet environment, such as water and 3.5 % NaCI aqueous solution, but cannot grow in bolts other than F 13T class No. 14 and 17 bolts in a mild environment such as industrial atmosphere.
(7) Cathodic protection, such as Zn plating, exhibited a harmful effect on delayed fracture in accelerated laboratory tests. In exposure tests, however, cathodic protection showed an improving effect on the resistance to delayed fracture by suppressing the corrosion pit formation. However, cathodic protection may not hold for the case when no groove is present like the typical service conditions.
(8) In No. 7 bolt steel treated with boron, immature cracks were found in spite of its low strength, but the effect of boron on intergranular failure was not made clear.
(9) The ratio of residual load to initial load in bolts exposed for a period of 8 years and 8 months is the range of 78 to 91 % without any dependence on strength level or exposing site. However, these values include 3 to 8 % decrease in initial applied load which occurred immediately after tightening of high strength bolts. Accordingly, it will be reasonable to consider that the decrease in applied load in bolts tightened at a load in excess of their yield strength and exposed for about 9 years is approximately 10 %. Washer failure andd cracking in bolt (in the case of immature crack) were suspected as the causes of decrease in applied load. In our tests, however, a clear correlation was not found between these phenomena and residual applied load. The main cause is considered to be the creep and the relaxation of bolt and fixture plate which were caused as a result of hard tightening of bolts for acceleration of delayed fracture.
The stress distribution in the vicinity of bolt hole in the plate at a load of 32 t was analyzed by the finite element method. According to the results, it is estimated that the compressive stress exceeds the yield stress of fixture plate in the vicinity of bolt holes beneath washers on both sides, except those in F8T class bolt. This was also confirmed by the measurement of hardness distribution.
(10) Delayed fracture was observed in many washers. This may be because these washers had a hardness above HRC42 as they had been manufactured in accordance with the Japanese Industrial Standards (HRC : 4050) which prevailed when our tests were started.
